Introduction The aim of this study is to evaluate computed tomography perfusion (CTP) during admission baseline period (days 0-3) in aneurysmal subarachnoid hemorrhage (A-SAH) for development of vasospasm. Methods Retrospective analysis was performed on A-SAH patients from Dec 2004 to Feb 2007 with CTP on days 0-3. Cerebral blood flow (CBF), cerebral blood volume (CBV), and mean transit time (MTT) maps were analyzed for qualitative perfusion deficits. Quantitative analysis was performed using region-of-interest placement to obtain mean CTP values. Development of vasospasm was determined by a multistage hierarchical reference standard incorporating both imaging and clinical criteria. Student's t test and threshold analysis were performed. Results Seventy-five patients were included, 37% (28/75) were classified as vasospasm. Mean CTP values in vasospasm compared to no vasospasm groups were: CBF 31.90 ml/100 g/min vs. 39.88 ml/100 g/min (P<0.05), MTT 7.12 s vs. 5.03 s (P<0.01), and CBV 1.86 ml/100 g vs. 2.02 ml/100 g (P=0.058). Fifteen patients had qualitative perfusion deficits with 73% (11/15) developed vasospasm. Optimal threshold for CBF is 24-25 mL/100 g/min with 91% specificity and 50% sensitivity, MTT is 5.5 s with 70% specificity and 61% sensitivity and CBV is 1.7 mL/ 100 g with 89% specificity and 36% sensitivity. Conclusion These initial results support our hypothesis that A-SAH patients who develop vasospasm may demonstrate early alterations in cerebral perfusion, with statistically significant CBF reduction and MTT prolongation. Overall, CTP has high specificity for development of vasospasm. Future clinical implications include using CTP during the baseline period for early identification of A-SAH patients at high risk for vasospasm to prompt robust preventative measures and treatment.
Introduction
Delayed cerebral vasospasm remains the most serious cause of morbidity and mortality in patients with aneurysmal subarachnoid hemorrhage (A-SAH). Vasospasm affects greater than half this population and typically develops 4 to 9 days following aneurysm rupture [1, 2] . Patients with vasospasm are at high risk for poor clinical outcomes with long-term disability and death. Therefore, clinical management is focused on early diagnosis to initiate treatment of vasospasm and preventative measures for its complications of permanent neurologic deficits, stroke and death.
Clinical exam, transcranial Doppler ultrasound (TCD) and digital subtraction angiography (DSA) are used in the determination of vasospasm. Recently, computed tomography (CT) angiography (CTA) and CT perfusion (CTP) have also been added at some institutions. Perfusion methods, such as CTP, are recognized for providing important information on the hemodynamic status of the brain. Several studies have evaluated perfusion imaging techniques to detect vasospasm during its typical time-point of occurrence. There is considerable evidence to suggest that alterations in perfusion, manifested as reduced blood flow and prolonged transit time, during days 4-9 after A-SAH are related to vasospasm and delayed cerebral ischemia (DCI) [3] [4] [5] [6] [7] [8] .
To our knowledge, there is very limited data reported in the literature regarding the use of CTP during the admission baseline period, defined as days 0-3 following A-SAH. However, assessing patients' risks for developing vasospasm at admission would be the ideal time-point. Theoretically, patients can be identified early as high risk for developing vasospasm in order to begin robust preventative measures and treatment regimens. Early and effective treatment of vasospasm may improve the clinical outcome in A-SAH patients by preventing complications of permanent neurologic deficits, infarction and death. Our hypothesis is that A-SAH patients who develop vasospasm demonstrate early alterations in cerebral perfusion on baseline CTP. The purpose of this study is to qualitatively and quantitatively evaluate CTP during the baseline period in A-SAH for the development of vasospasm.
Materials and methods

Study design
A retrospective analysis was performed on consecutive patients admitted to our institution with A-SAH from Dec 2004 to Feb 2007 who underwent an admission baseline CTP on days 0-3 following aneurysmal rupture. Day 0 is defined as the day of the initial hemorrhagic event. Institutional review board approval was obtained. A-SAH was determined by a combination of noncontrast head CT, CTA, DSA, and/or cerebrospinal fluid analysis. At our institution, CTP is performed during the baseline period according to the neurological intensive care unit protocol to assess baseline cerebral perfusion and to compare with later perfusion exams for interval change to detect vasospasm. Patients with symptoms for vasospasm and elevated TCD velocities underwent DSA with intention to perform endovascular treatment. Therapeutic decisions were based on the patient's clinical status, TCD velocities and DSA. Clinical and demographic data was obtained from chart review. Clinical outcomes were determined by a neurologic deficit on clinical exam and/or delayed cerebral ischemia on follow-up CT or MRI.
The reference standard to determine if vasospasm developed during the hospital course is a validated multi-stage hierarchical design [9] , summarized in Fig. 1 . Reichman et al. thoroughly describe the implementation of this reference standard along with its advantages and limitations [10] . At the primary level, DSA is used as the reference standard to determine vasospasm. Angiographic criteria for vasospasm were determined by the arterial luminal narrowing compared with the normal parent vessel diameter and comparison with the initial DSA performed on presentation. Mild angiographic vasospasm was considered at less than 50% arterial narrowing, moderate vasospasm as 50-75% arterial narrowing, and severe vasospasm as greater than 75% arterial narrowing. Assessment of arterial narrowing on DSA was based on qualitative interpretation by two observers, an Interventional Neuroradiologist who performed the exam (with either 10 or 25 years experience) and a Neuroradiologist blinded to all patient information (22 years experience). For disagreements, a third Neuroradiologist (10 years experience) independently reviewed the exam in a blinded fashion. The intracranial segments of the internal carotid arteries, vertebral artery, basilar artery and the major vessels that comprise the circle-ofWillis (anterior, middle, and posterior cerebral arteries), including its first, second, and third order segments were analyzed.
In those patients who did not undergo DSA for evaluation of vasospasm, excluding the initial DSA at presentation for diagnosis of the ruptured aneurysm, vasospasm was determined on the secondary or tertiary level using clinical and imaging criteria with consideration of the effects of vasospasm treatment. "Symptomatic" vasospasm or DCI has been used as a reference standard for vasospasm since it has been shown to be more clinically relevant to patient outcomes [11] [12] [13] [14] [15] . At the secondary level, the following criteria were used: a. Clinical criteria: Permanent delayed neurologic deficit on clinical exam, distinct from the deficit at baseline produced by the initial A-SAH event, which was not attributable to any other cause. b. Imaging criteria: DCI on follow-up CT and/or MR imaging. DCI was defined as ischemia/infarction that occurred during the vasospasm period, after day 4 that had not been present on the initial CT within 3 days after onset. This criterion effectively excluded primary brain damage from aneurysm rupture and complications of surgical intervention which mostly occur during the initial 3 days [12, 13] .
Patients with either of the above criteria were assigned a vasospasm diagnosis at the secondary level. Patients without the above criteria and those who did not receive therapeutic intervention for vasospasm, such as hypervolemichyperdynamic-hemodilution (HHH) therapy, were assigned a no vasospasm diagnosis. However, patients without the above criteria who did receive HHH therapy proceeded to the tertiary level for consideration of the effects of treatment.
At the tertiary level, vasospasm diagnosis was based on the assessment of response-to-treatment. Patients who demonstrated an improvement in symptoms and/or clinical exam following HHH therapy as determined by medical record review were considered responders to appropriate treatment and were assigned a vasospasm diagnosis. However, patients who did not improve following treatment or had another cause for their new symptoms (i.e., re-hemorrhage from aneurysm, hydrocephalus, infection, metabolic disturbances, seizure, etc...) were classified as no vasospasm.
Imaging protocols and data processing CTP was performed on a 16-slice multi-detector scanner according to standard protocol utilizing cine 4i scanning Even though a subject may have multiple levels of evidence, only the highest level will be used to determine vasospasm according to this system.
Clinical outcome measures are used to determine vasospasm diagnosis Fig. 1 Flow diagram for the reference standard mode with 45 s acquisition using 80 kVp and 190 mA, consisting of 45 gantry rotations at the rate of one rotation per second. A scanning volume of 2 cm was used with its inferior extent selected at the level of the basal ganglia, above the orbits, to minimize radiation exposure to the lenses. A total of 45 ml of low osmolar (300 mg/ml) or isoosmolar (320 mg/ml) nonionic iodinated contrast was administered intravenously at 5 ml/s using a power injector with a 5-s delay. In general, patients with a creatinine clearance of less than 40 ml/min received iso-osmolar nonionic iodinated contrast while all others received low osmolar contrast.
Data analysis
CTP post-processing into cerebral blood flow (CBF), cerebral blood volume (CBV), and mean transit time (MTT) maps were performed on a General Electric Advantage Workstation using CT Perfusion software version 3.0 (General Electric Medical Systems, Milwaukee, WI). This software employs a deconvolution method, which is considered most accurate for low contrast injection rates [16] . Standardized selection of the arterial input function as the A2 segment [17] and venous output as the superior sagittal sinus were used in all patients. CBF, CBV, and MTT maps were then evaluated qualitatively by two blinded observers (attending Neuroradiologist and Neuroradiology fellow) to determine the presence of qualitative perfusion deficits, defined as areas of CBF reduction and MTT prolongation. These deficits were considered separate from the perfusion abnormalities related to the primary hemorrhagic event and/or surgical intervention. After reviewing the images independently, consensus judgment was determined. Quantitative analysis was conducted using a standardized method of contiguous regions-of-interest (ROI) placement measuring 157 mm 2 sampling the cortex and basal ganglia. Each CTP slice had a total of 22 ROIs in the following territories: two ROIs in anterior cerebral artery, 16 ROIs in middle cerebral artery, two ROIs in posterior cerebral artery, and two ROIs in the basal ganglia. Prior studies have shown that these standardized methods used in post-processing and quantitative analysis of CTP are reproducible amongst different observers [18, 19] .
Statistical analysis
For patients with qualitative focal perfusion deficits, ROIs within the affected region were isolated and arithmetic means were generated for CBF, CBV, and MTT. In patients with globally decreased perfusion, all of the ROIs were included in the arithmetic means. Similarly, for patients without perfusion deficits, the global arithmetic means were used. Quantitative CTP data for all patients were evaluated for statistically significant differences between the vasospasm and no vasospasm groups utilizing a two-tailed, unpaired Student's t test. Statistical significance was accepted at P<0.05. Threshold analysis was performed using the maximum Youden's index method to obtain the optimal cut-off value for each CTP parameter. The sensitivity and specificity were determined for the threshold values of CBF, CBV, and MTT.
Subgroup analysis was also performed with the same methods above including only patients diagnosed at the primary level using DSA as a single reference standard.
Results
Study population
Overall, 78 patients were identified for inclusion in this study. Three patients were excluded due to uninterpretable CTP studies resulting from excess patient motion. A total of 75 patients were included in the data analysis. Clinical and imaging data are presented in Table 1 . The median day baseline CTP was performed was on day 2 for both the vasospasm and no vasospasm groups. The differences observed in the type of aneurysm treatment, and the Hunt Hess (HH) grade were not statistically significant (P>0.05). As expected, the no vasospasm group had more patients with lower HH grades and fewer patients with hydrocephalus or extraventricular drain (EVD) placement compared with the vasospasm group.
According to the reference standard, 37% (28/75) patients were classified as vasospasm and 63% (47/75) as no vasospasm. Vasospasm was determined at the primary level for 51% (38/75) patients, secondary level for 32% (24/75), and tertiary level for 17% (13/75). Ninety-three percent (26/28) of patients in the vasospasm group were diagnosed at the primary level using DSA. Day 8 was the median time-point DSA was performed. The additional two patients in the vasospasm group were determined on the tertiary level, indicating a response-to-treatment. In both of these cases, the patients developed motor deficits (e.g., pronator drifts) on days 6 and 9 that improved after HHH therapy on days 8 and 10, respectively. The range of development of vasospasm occurred from days 2-14 in these patients. Clinical outcomes of the vasospasm group include 54% (15/28) patients with no permanent neurological deficit, 39% (11/28) with permanent neurological deficits, and 7% (2/28) died during hospitalization.
Sixty-three percent (47/75) patients were classified as no vasospasm. Twenty-six (12/47) percent of patients in the no vasospasm group were determined at the primary level, 50% (24/47) at the secondary level, and 24% (11/47) at the tertiary level. Clinical outcomes of the no vasospasm group included 91% (43/47) patients with no permanent neurological deficit, 9% (4/47) patients with permanent neurological deficits referable to causes other than vasospasm (e.g., post-surgical complications), and 0% died during hospitalization.
In the subgroup analysis (n=38) using DSA as a single reference standard, 68% (26/38) patients were classified as vasospasm and 32% (12/38) as no vasospasm. Using DSA as the reference standard increases the incidence of vasospasm to two thirds of patients in the subgroup.
Quantitative analysis
The mean quantitative values and 95% confidence intervals of CBF, CBV, and MTT for the vasospasm and no vasospasm groups are summarized in Table 2 . Similarly, the results of the subgroup analysis (n=38) are summarized in Table 3 . Threshold analysis reveals the optimal cut-off for CBF is 24 -25 mL/100 g/min with a 91% specificity and 50% sensitivity. The optimal cut-off for MTT is 5.5 s with 70% specificity and 61% sensitivity and CBV is 1.7 mL/100 g with 89% specificity and 36% sensitivity. Similar threshold values were seen in the subgroup with the optimal cut-off for CBF is 24-26 mL/100 g/min with 100% specificity and 54% sensitivity, MTT is 6.0-6.5 s with 75% specificity and 54% sensitivity and CBV is 1.9 mL/100 g with 92% specificity and 54% sensitivity. percent (11/15) of these patients were classified as vasospasm. A 2×2 table was generated and the test characteristics of CTP for a qualitative perfusion deficit are 92% specificity, 39% sensitivity, 73% positive predictive value and 72% negative predictive value.
Discussion
Since the advent of CT, there has been increasing interest in developing CTP as a means of evaluating cerebral perfusion in A-SAH patients given its many advantages that include its widespread availability, non-invasive technique, and relatively low cost. CTP has specific advantages in the setting of critically ill patients with its rapid acquisition time, ability to continuously monitor patient's status and few patient contraindications. The risks of CTP are principally related to the administration of intravenous contrast (e.g., contrast reaction, nephrotoxicity) and the effects of radiation exposure. However, when CTP is performed using standard guidelines and techniques, then the possible benefits of early diagnosis and treatment of vasospasm outweigh these potential risks for A-SAH patients. Furthermore, since CT is already the most often employed modality for following evolution of SAH and for development of delayed cerebral ischemia, CTP can be performed in combination with routine follow-up non contrast CT without delaying patient care.
A review of the current literature reveals evidence to suggest that perfusion abnormalities detected on CTP during days 4-14 following A-SAH are related to vasospasm and delayed cerebral ischemia. Aralasmak et al. studied the correlation between the degree of vasospasm and the presence of a perfusion abnormality in its corresponding territory [20] . A perfusion abnormality was noted in 83% patients with severe vasospasm compared with 26% of mild-moderate vasospasm and 15% of no vasospasm patients. The severe vasospasm group in this study supports defining a significant luminal narrowing for cerebral vessels as≥50% as these patients have a high likelihood of a perfusion abnormality in the territory of the vasospastic vessel. The study performed by Dankbaar et al. further demonstrates the relationship between the degree of vasospasm and the quantitative perfusion abnormality reporting that the flow territory of the vessel with the most severe vasospasm corresponded with the least perfused region, representing an inverse relationship [21] . This study also revealed that patients with severe vasospasm more often experienced DCI than patients without vasospasm. However, almost half of the patients with severe vasospasm in this study did not experience DCI, suggesting that severe vasospasm alone is not sufficient to cause DCI. Specifically, the relationship of the perfusion parameters on perfusionweighted MRI in patients with angiographically visible cerebral vasospasm was studied by Hattingen et al. [22] . A Fig. 3 A 47-year-old with A-SAH from a right middle cerebral artery aneurysm: a CTP on day 2 demonstrates a perfusion deficit predominantly involving right middle cerebral artery distribution; b CTP on day 8 demonstrates marked progression in decreased perfusion to right cerebral hemisphere and posterior left cerebral hemisphere; there is no infarction in this region, re-hemorrhage or hydrocephalus on non-contrast CT; DSA (not shown) performed on the same day confirmed angiographic vasospasm simultaneous decrease in the relative CBF (rCBF) and CBV (rCBV) was found in patients with vasospasm with a strongly associated positive correlation coefficient. Interestingly, a negative correlation was also found between decreasing rCBV and increasing degree of vasospasm. The fact that rCBV did not increase in territories with vasospasm to maintain rCBF indicates dysfunctional vascular autoregulation. Other studies have also supported evidence for an association between reduced rCBF and dysfunctional vascular autoregulation in A-SAH patients [23, 24] . Patients with intact autoregulatory vasodilation, the rCBV would increase in relation to the degree of vasospasm to maintain the CBF. However, Hattingen et al. demonstrates a contrary reaction being most pronounced in the anterior cerebral artery territory and basal ganglia. This indicates a severe failure in cerebral autoregulation resulting in a decrease in rCBF. In addition, the study also reports that the rCBV in the middle cerebral artery territories were elevated in patients with mild cerebral vasospasm suggesting intact vascular autoregulation. Thereby, a complete discussion of cerebral vascular autoregulation is complex and beyond the scope of this paper as it may be preserved or impaired in A-SAH patients.
Based on this premise, our study focused on evaluating patients during the early baseline period (between days 0-3 following A-SAH) to assess perfusion deficits on CTP indicating patients at high risk for developing vasospasm. These initial results from our study support the hypothesis that A-SAH patients who develop vasospasm demonstrate early alterations in cerebral perfusion on baseline CTP with statistically significant CBF reduction and MTT prolongation. Our data reveals that CTP is not considered a sensitive modality to detect vasospasm during the baseline period. A plausible explanation is that the sensitivity is low due to many false-negative CTP interpretations from patients that have not yet manifested perfusion changes, but do later develop vasospasm during their hospital course. On the otherhand, the presence of perfusion deficits on baseline CTP has a high specificity of 92% for developing vasospasm. Importantly, these findings suggest that baseline CTP can identify A-SAH patients that are at high risk for developing vasospasm during their hospital course.
The quantitative analysis reveals statistically significant CBF reduction and MTT prolongation in the patients who subsequently developed vasospasm. The lack of statistical significance in CBV with a borderline p value of 0.058 may be partly related to its relationship with CBF and MTT via the central volume principle. It is plausible that the differences in CBV between the vasospasm and no vasospasm groups may be obscured by the counterbalance effect of decreased CBF and increased MTT. In the subgroup analysis using DSA as the reference standard, CBV reduction and MTT prolongation were also statistically significant in the vasospasm group. However, CBF reduction neared statistical significance (p=0.052) with similar quantitative values in the study population and subgroup, with the exception of a slightly wider 95% confidence interval in the subgroup vasospasm patients. Therefore, the lack of statistical significance for CBF in the subgroup may be attributed to its smaller sample size. Few publications in the literature have reported similar findings suggesting that CBF is decreased during the baseline period in patients who develop vasospasm during their hospital course [5, 6] . An example from our study is illustrated in Fig. 2 . Nabavi et al. observed an initial decrease in mean CBF on days 1-3 following A-SAH in a small subset of patients who later developed moderate/ severe vasospasm [6] . Knuckey et al. also noted a similar decrease in CBF early during the course of A-SAH utilizing the 133 xenon inhalation method [5] . There is even less known about changes in MTT during the baseline period and its relationship with the development of vasospasm. Wintermark et al. found a statistically significant prolongation in MTT during the typical timepoint of vasospasm on days 5-14 in patients with vasospasm [8] . However, the role of early prolongation of MTT in the development of vasospasm remains less clear. Early studies examining angiographic cerebral circulation time (CCT), generally defined as the time it takes for contrast to flow from the supraclinoid internal carotid artery to maximally concentrate in the parietal cortical veins, showed that CCT was prolonged on initial presentation in patients who developed vasospasm [25] . More recently, Laslo et al. studied early changes in cerebral perfusion in a rabbit model and found that MTT prolongation on day 2 predicted the development of moderate/severe vasospasm [26] . Our study supports these findings that alterations in MTT can be detected during the baseline period in A-SAH patients who later develop vasospasm during their hospital course (Fig. 3) .
Quantitative analysis in our study also included defining a threshold value for each CTP parameter to determine the optimal cut-off point for identifying A-SAH patients who are at high risk for developing vasospasm. The optimal cutoff for CBF is 24-25 mL/100 g/min which yields a high specificity of 91%, CBV is 1.7 mL/100 g with 89% specificity and MTT is 5.5 s with 79% specificity. However, these threshold values are only valid for the constellation of the type of hardware equipment and software program used in our study. Careful interpretation of absolute values is suggested as the quantitation of the perfusion parameters rely on the assumption that the selected arterial input and venous outflow functions represent the true inflow and outflow measures for the tissue bed being analyzed. The subgroup analysis revealed similar threshold values, however with higher specificity values, likely due to fewer false positive CTP interpretations.
Contrary to the study population, the subgroup was comprised of more than two thirds vasospasm patients.
The major limitations of this study are the retrospective study design and the use of a multi-stage hierarchical reference standard for vasospasm which is validated [9] but has not been commonly employed. The advantages and limitations of this multi-stage reference standard are discussed in detail by Reichman et al. [10] . To address this limitation in our study, a subgroup analysis (n=38) was also performed using DSA as a single reference standard. Overall, the findings of early perfusion changes demonstrated on baseline CTP in patients who developed vasospasm were not considerably affected using different reference standards, comparing the subgroup analysis (DSA) with the comprehensive analysis (multi-stage design). However, a larger prospective study is currently ongoing and is designed to address these issues further. An important advantage of using this multi-stage design as the reference standard is the ability to evaluate CTP in a study population that is comparable to the clinical population for which CTP is indicated. In clinical practice, CTP is intended for all A-SAH patients, those with and without DSA. In our study, nearly half (49%) of A-SAH patients did not have DSA performed and 95% of these patients were in the no vasospasm group. Thereby, using DSA alone as a reference standard may lead to selection bias and incorrect conclusions of the true sensitivity and specificity of CTP. Consequently, these biased results may negatively impact on decisionmaking in A-SAH.
In summary, these initial results support our hypothesis that A-SAH patients who develop vasospasm may demonstrate early alterations in cerebral perfusion, with statistically significant CBF reduction and MTT prolongation on baseline CTP. The baseline CTP exam has high specificity for development of vasospasm when a qualitative perfusion deficit is present. In addition, the quantitative thresholds of CBF, CBV, and MTT also yield high specificity for development of vasospasm. These findings are promising in that baseline CTP may assist in the early identification of A-SAH patients who are at high risk for development of vasospasm. Early identification of these patients has important clinical implications for implementing robust preventative measures and treatment to limit the complications of vasospasm, such as permanent neurologic deficit, stroke, and death.
